The passivity of iron in alkaline media enables the use of carbon steel as reinforcement in concrete, which makes up the majority of modern infrastructure. However, chlorides, mainly from deicing chemicals or marine salts, can break down the iron passive film and cause active corrosion. Despite recent advances in nanoscale characterization of iron passivity, significant gaps exist in our understanding of the dynamic processes that lead to the chloride-induced breakdown of passive films. In this study, chlorideinduced depassivation of iron in pH 13.5 NaOH solution is studied using reactive force field molecular dynamics. The depassivation process initiates by local acidification of the electrolyte near the film surface, followed by iron dissolution into the electrolyte, and iron vacancy formation in the passive film. Chlorides do not penetrate the passive film, but mainly act as a catalyst for the formation of iron vacancies, which diffuse toward the metal/oxide interface, suggesting a depassivation mechanism consistent with the pointdefect model.
INTRODUCTION
In highly alkaline electrolytes, typically those with pH greater than 12, a protective passive film forms on iron that reduces metal dissolution rates from the substrate to the electrolyte to levels that can be considered practically insignificant. 1, 2 The passivity of iron in alkaline media allows the use of carbon steel in reinforced concrete (pH > 13), which makes up the majority of the modern infrastructure. However, in the presence of deteriorative species, such as chlorides, iron (or carbon steel) can lose its passive film. The breakdown of the passive film (depassivation) can lead to higher rates of metal loss (active corrosion). [3] [4] [5] [6] Reinforcement corrosion in concrete because of exposure to chloride-containing deicing chemicals or marine salts is the most costly deterioration mechanism of reinforced concrete structures in the world. [3] [4] [5] [6] [7] [8] Therefore, the development of a fundamental understanding of chloride-induced depassivation is critical to mitigate corrosion issues in concrete infrastructure.
The passivity and chloride-induced depassivation of iron and carbon steel in the highly alkaline environments have been studied extensively using electrochemical techniques. [9] [10] [11] [12] [13] These techniques provide valuable information about the average electrochemical behavior of relatively large metal surfaces, typically in centimeter-square scale or larger. However, passive films that form on carbon steel and iron in alkaline environments are typically 3-15-nm thick [14] [15] [16] ; therefore, a deeper understanding of passivity can only be obtained through techniques that can characterize them at a nanometer scale.
In recent years, researchers have used nanoscale surface characterization techniques to study the structure of the passive films of iron that form in highly alkaline media and their chlorideinduced breakdown. [14] [15] [16] [17] [18] [19] [20] These studies typically show that the passive films of iron in highly alkaline electrolytes consist of Fe 2+ -rich inner oxide layers and Fe 3+ -rich outer oxide layers. This multilayer film structure is in quantitative agreement with theoretical passivity models that suggest an inner barrier layer forms directly on the metal substrate, and the outer layer precipitating via the hydrolysis of cations ejected from the inner layer. [14] [15] [16] Some of these studies also show that chlorides alter the passive film stoichiometry such that near the metal/film interface the ratio of Fe 3+ to Fe 2+ increases. Even though these nanoscale surface characterization studies provide valuable information about passive films on carbon steel and iron in alkaline electrolytes, and their chloride-induced depassivation, they cannot explain the dynamic processes that lead to their formation or breakdown. Specifically, we still do not fully understand how chlorides initiate the depassivation process and how they are involved in passive film breakdown. Some of the depassivation models suggest that chlorides penetrate into the passive film through ion exchange processes or simple diffusion. [21] [22] [23] However, other models hypothesize that chlorides only act as a catalyst, without penetrating into the film, to form iron vacancies that eventually diffuse to the metal/film interface to initiate the depassivation process. 24, 25 The debate between these different models is ongoing. Furthermore, electrochemical studies have shown that sufficient concentrations of chloride ions are needed at the film/electrolyte interface to initiate the depassivation process and this threshold concentration increases with the electrolyte pH 12, [26] [27] [28] [29] ; however, it is not known exactly why this "critical chloride threshold" exists and why it is pH dependent. The concept of "induction time", [30] [31] [32] which is the delay in the breakdown of the passive film at chloride concentrations beyond the critical thresholds is also not well understood. The absence of well-supported theories/models for these fundamental questions impedes the development of new corrosion mitigation strategies, such as customized corrosion inhibitors and inexpensive corrosion-resistant steels.
Atomistic modeling techniques, such as reactive force field molecular dynamics (ReaxFF-MD) [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] and density functional theory (DFT), [43] [44] [45] [46] [47] [48] have shown great potential to provide answers to such questions. In particular, ReaxFF-MD has emerged as a simulation framework to investigate reactive processes at spatial scales of nm 2 that can be correlated to physical systems. In this paper, we use ReaxFF-MD to answer fundamental questions on chloride-induced depassivation of iron passive film in alkaline media. The simulations are supported with the electrochemical experiments and X-ray photoelectron spectroscopy (XPS) studies on iron that is exposed to conditions similar to those of the simulations. All studies were performed on pure (and in the case of ReaxFF-MD simulations, defect-free) iron, instead of carbon steel, in order to eliminate the effects of possible confounding variables that might hinder the answering of fundamental questions related to the passivation and chloride-induced depassivation processes in alkaline electrolytes. This assumption is justified by several electrochemical and thermodynamic studies that indicate that passivation and chloride-induced depassivation of carbon steel is mainly driven by the interaction of iron with the electrolyte.
1,2 Carbon steel used for reinforced concrete applications typically has 0.2-0.4% of carbon by mass. Although carbon steel passivates slower than iron, 49 and the critical chloride threshold of carbon steel is typically smaller than that of iron, 26, 30 the passivation and depassivation mechanisms of carbon steel and iron are considered to be similar.
The main objective of this research is to simulate the chlorideinduced depassivation process of pure iron in a highly alkaline environment (0.316 M NaOH solution; pH = 13.5) using ReaxFF-MD. Although NaOH was chosen to match the pH of typical concrete pore solutions, the authors acknowledge that real concrete pore solutions are complex and contain several other ions, such as Ca +2 , K + , (SO 4 ) −2 9,16 . These ions are known to affect the passivation process and the properties of the passive film, as also shown in an earlier work of one of the co-authors 9, 16 ; however, here we study a simplified electrolyte to gain fundamental understanding into the dynamic processes that lead to a chloride-induced depassivation process in a simple high pH electrolyte.
RESULTS AND DISCUSSION

Passive film
The initial passive film is created using ReaxFF-MD simulations starting with a Fe(110) structure (24.61 Å × 20.40 Å × 22.87 Å) containing 1080 Fe atoms, in 0.316 M NaOH solution (pH~13.5), containing 21 Na and OH ions distributed evenly in equally spaced seven layers of 348 water molecules. Previous studies have shown that different surface orientations do not affect the oxidation behavior of iron significantly [50] [51] [52] [53] [54] [55] ; therefore, the Fe(110) is used here to represent a closely packed iron surface. Periodic boundary conditions were applied along the cross-sectional plane of the iron domain, while a fixed boundary condition was imposed along the longitudinal direction. For the periodic boundaries, particles interact across the boundary so that they can exit on one end of the simulation box and re-enter the other end, while for the fixed boundaries, particles do not interact across the boundary and do not move from one side of the simulation box to the other. A reflecting wall was applied at the end of the solution domain in order to confine the electrolyte and to avoid the interactions of the solution with the bottom of the periodic surface slab. Under open-circuit conditions, without any externally applied potential, passive film formation on iron in NaOH solution occur in minutes, which is not a feasible timescale to model using ReaxFF-MD. Faster passivation can be achieved by applying externally applied potential, which is a practice that is commonly used in electrochemical experiments. 14, 26, 49 An external electric field was applied to accelerate chemical reactions and to overcome the challenges associated with long passivation time under opencircuit conditions. The simulations in this study were run with a 30 MeV/cm applied external electric field for 500 ps. Test simulations at higher potentials gave similar results. The electrical double layer (EDL) between the film surface and the electrolyte was modeled using the Stern model 56 with a 3-Å-thick Helmholtz layer, 39, 57 and a diffuse layer where the ions are distributed in the electrolyte. Figure 1a shows the passive film at the beginning of the ReaxFF-MD simulations with the electrolyte containing chloride ions. After 500 ps of simulations of Fe(110) in the chloride-free alkaline electrolyte, the film changed rather slowly, approximately at 10% of the initial rate. At this time the passive film was about 12 -Å thick and spanned six sheets of iron atoms (Fig. 1b) . The iron atom charges ranged from 0.37 e to 0.97 e for the first (outermost) sheet, 0.28 e to 0.92 e for the second sheet, 0.16 e to 0.79 e for the third sheet, 0.1 e to 0.73 e for the fourth sheet, 0 to 0.55 e for the fifth sheet, and 0 to 0.26 e for the sixth sheet. This variability indicates that each depth contained various iron oxide structures; however, the overall charge of iron atoms decreases from the film/electrolyte interface to the metal/film interface. To further analyze the oxide structures, we divided the passive film into three layers (inner, middle, and outer layers), each containing two iron sheets. The Fe-O pair distribution functions (PDF) of the layers are plotted in Fig. 1c , which also shows the dominant peak and transition points for the reference oxides (i.e., FeO, Fe 3 O 4 , and Fe 2 O 3 ) for comparison. 58 The PDF of the outer layers shows a dominant peak at 1.69 Å and a distinct transition at 2.17 Å, which match the reference signature for Fe 2 O 3 . The PDF of the middle layers has a dominant peak at 1.98 Å and a slight transition point at 1.6 Å, which corresponds well with Fe 3 O 4 . Finally, the PDF of the inner layers has a dominant peak at 1.63 Å, which coincides with the dominant peak of FeO. It should be noted that FeO is not a stable oxide on its own at room temperature, but it can exist as a transitional phase at the interface between the metal and the passive film, where the iron ions from the base metal is initially oxidized. 20 These results are in agreement with the existing experimental data, which indicate that passive films of iron in highly alkaline electrolytes consist of Fe 2+ -rich inner oxide layers and Fe 3+ -rich outer oxide layers. [14] [15] [16] [17] [18] [19] [20] Similar supporting evidence was obtained in our XPS investigation, which was performed on a passive film grown on 99.95% pure iron exposed to pH 13.5 NaOH solution at open-circuit conditions. Figure 1d shows how the ratio of Fe 3+ to Fe 2+ decreases from the film/electrolyte interface toward the metal/film interface: Fe 2 O 3 fraction decreases, while FeO + Fe 3 O 4 fractions increase, toward the inner layers of the passive film. The XPS data, shown in Fig. 1d , were obtained from passive films that were grown in the passivating solution under open-circuit conditions for 2 weeks, they are, therefore, thicker and have a more mixed oxide composition than our simulated film. However, the overall comparison indicates that the passive film produced in the ReaxFF-MD simulations is a good starting structure to investigate the processes associated with chloride-induced depassivation.
Interaction of chlorides with the passive film The electrolyte domain size was 24.46 Å × 21.46 Å × 21.59 Å for the depassivation simulations, and three different NaCl concentrations were studied: 2 M (293 H 2 O, 14 NaCl), 5 M (232 H 2 O, 34 NaCl), and 10 M (147 H 2 O, 68 NaCl). The chloride-induced depassivation simulations were done under smaller applied electric field (15 MeV/cm) to study the role of chlorides on the depassivation at near-open-circuit conditions. This electric field allowed us to observe depassivation during 2000 ps of simulations. Smaller electric fields also yielded similar initial results; however, advancing these simulations to later stages of depassivation would have required inhibitively long computational times. The electric field was kept smaller than the passivation simulations so that the role of chlorides on the depassivation can be investigated near opencircuit conditions.
Chloride-induced iron dissolution and corresponding iron vacancy formation in the outermost (first) layer of the passive film takes place in four stages. In the first and second stages, chlorides facilitate the consumption of hydroxide ions from the electrolyte by the surface iron to form Fe(OH) 3 and Fe(OH) 2 Cl, respectively, which remain stable on the surface during the simulations. These two processes cause local acidification, and eventual depletion of OH, in the electrolyte adjacent to the surface. The following, third and fourth stages, lead to the dissolution of iron into the electrolyte in the form of Fe(OH)Cl 2 and FeCl 3 , respectively. These species further dissociate releasing the chlorides into the electrolyte; chloride, therefore, acts as a catalyst in the iron dissolution process. Snapshots from the simulations in Fig. 2 illustrate these four stages. We highlight four iron atoms as examples demonstrating the processes in each stage: yellow atom for stage 1, brown atom for stage 2, blue atom for stage 3, and red atom for stage 4. The same color code is used in Fig. 1a , b. The processes that are described in these stages occur at multiple locations at the film/electrolyte interface; the four atoms were selected for demonstration purposes.
Stage 1-Formation of Fe(OH) 3 The chloride ions first interact with the iron atoms with low electrical charges in the first layer of the passive film. An example of such an iron atom (shown in yellow) and its interactions with three chloride ions are shown in Fig. 2a . The chloride ions form a Stage 2-Formation of Fe(OH) 2 Cl The initial step of stage 2 is similar to that of stage 1 with chloride ions interacting with iron atoms with low electrical charges in the first layer. Such an iron atom (shown in brown) and its interactions with three chloride ions are shown in Fig. 2b . As before, the chlorides pull the iron atom out of the surface by 0.54 Å (i). Because of the formation of Fe(OH) 3 as a result of the processes described in Stage 1, the local concentration of hydroxide decreased, and two chloride ions are replaced by hydroxide ions forming Fe(OH) 2 Cl (ii). The iron complex, Fe(OH) 2 Cl, stays on the surface and does not dissolve in the solution on the timescale of our simulations, while the other two chloride ions return to the electrolyte (iii). This process results in the additional removal of two hydroxide ions from the electrolyte for each iron atom (iv). The repeated Fe(OH) 3 and Fe(OH) 2 Cl formation leads to decreased concentration of hydroxides near the surface (Fig. 3a) .
Stage 3-Formation of Fe(OH)Cl 2 Figure 2c shows an iron atom (shown in blue) which is exposed to a locally acidified electrolyte due to repeated processes described in Stages 1 and 2. Three chloride ions interact with the iron atom forming a trigonal pyramidal configuration (i) and pull the iron atom out by 0.53 Å (ii). Because of the low hydroxide ion concentration near the surface, only one chloride ion is replaced by hydroxide forming Fe(OH)Cl 2 (iii). The chloride ion returns to the electrolyte, and the Fe(OH)Cl 2 dissociates from the surface (iv). This is the first form of iron dissolution from the passive film. The Fe(OH)Cl 2 is converted to Fe(OH) 3 in the electrolyte, as has previously been shown in the literature, 59 releasing of the chlorides and further reducing the local hydroxide concentration, Figure 2d shows an iron atom (shown in red) which is exposed to a locally acidified electrolyte due to repeated processes described in Stages 1-3. As before, three chloride ions form a trigonal pyramidal configuration above the iron (i), but here there are no hydroxide ions in this local zone to replace the chloride. The chlorides pull the iron atom out by 0.52 Å (ii) forming a FeCl 3 complex (iii) which dissolves into the electrolyte (iv). The FeCl 3 is converted to Fe(OH) 3 in the electrolyte releasing the chloride ions to the electrolyte where they can participate in another catalytic cycle of depassivation. Figure 3a illustrates the evolution of species on the film surface or in the entire electrolyte over the analysis period of 2000 ps. The four stages can be tracked for all species in this figure. One of the critical observations here is that the dissolution of iron from the passive film does not start until hydroxide ion concentration near the surface decreases, but the consumption of hydroxide is driven by the formation of Fe(OH) 3 and Fe(OH) 2 Cl early on in the simulations. Note that these species remain stable on the surface during the entire 2000 ps of simulations ensuring that the electrolyte near the film surface remains locally acidified. The iron atoms that are exposed to locally acidified electrolyte dissociate from the passive film in the form of Fe(OH)Cl 2 and FeCl 3 . The first Fe(OH)Cl 2 dissociates from the passive film after the formation of Fe(OH) 3 and Fe(OH) 2 Cl species. The first FeCl 3 dissolves into the electrolyte soon after the formation of Fe(OH)Cl 2 . In this process, the chlorides play the role of a catalyst: being released back to the electrolyte, they then can return to the iron oxide surface, and detach another iron atom from the passive film repeating the process. The cumulative number of iron atoms in the electrolyte increases over time, while the number of chlorides oscillates around a constant number. The final configuration at 2000 ps, (Fig.  3b) , clearly shows the dissolved iron atoms in the electrolyte and the initiation of the breakdown of the passive film.
Observations on chloride threshold The four-stage process for the initiation of the passive film breakdown also offers an explanation of the concept of the critical chloride threshold. It has been widely shown through electrochemical studies that chloride ion concentration in the electrolyte must exceed a certain critical threshold to initiate the breakdown of the passive film. 12, [26] [27] [28] [29] As shown in our simulations, chlorides play the role of a catalyst and have two main functions in the depassivation process: first, they cause the local acidification of the electrolyte near the film/electrolyte interface through the processes described in Stages 1 and 2. Second, they cause the dissolution of iron atoms that are exposed to the OH-depleted zones of the electrolyte, as depicted in Stages 3 and 4. Both roles require a sufficient number of chloride ions in the electrolyte. Simulations with 1 M and 2 M NaCl in the electrolyte show neither local acidification, a step that is required to initiate the iron dissolution, nor the removal of iron atoms from the passive film surface suggesting that these chloride concentrations are too low to initiate the depassivation process of the film.
On the other hand, simulations in 5 M NaCl solution have shown a similar behavior to those observed in 10 M NaCl solution, eventually leading to iron dissolution into the electrolyte and iron vacancy formation. Our electrochemical tests on pure iron, passivated in pH 13.5 NaOH solution, showed that the specimens lost their passivity when the chloride concentration in the solution was between 2 and 2.5 M. Figure 4a , b, respectively show, the electrochemical impedance spectroscopy (EIS) bode plots for impedance and phase angle for pure iron exposed to 13.5 pH NaOH aqueous solution at full passivation (2 weeks) and at incremental chloride additions. At 2.5 M chloride addition, the low-frequency impendence, which is the sum of the charge resistance of the film (R ct ) and the solution resistance (R s ), show a sharp decrease. This decrease is accompanied by an increase in the phase angle from −90°to about −70°in the mid-to lowfrequency range, which indicates a deviation from ideal capacitive behavior.
This critical chloride threshold is in agreement with similar electrochemical tests results from the literature for pure iron with pristine surface 30 and in qualitative agreement with our simulations. It should be noted that critical chloride threshold for carbon steel in similar electrolytes is typically lower than the reported values for pure iron, which indicates that the crystal structure, impurities, and defects affect the critical chloride content. Our results also support a well-documented electrochemical observation that critical chloride thresholds are higher in electrolytes with higher pH. 30 The effect of pH on the critical chloride threshold can be explained with the need for local acidification of the electrolyte Fig. 3 a The evolution of the species on the film surface or in the electrolyte over the analysis time. b A configuration of the atoms at 2000 ps indicating the dissolution of the iron atoms from the film surface into the electrolyte. In (a), the calculations were done for the entire electrolyte domain, where electroneutrality is maintained. The number of Fe atoms (red line) is reported as the number of iron atoms that exist in the solid corrosion products that form in the electrolyte near the film surface, where at higher pH more chloride ions are needed to acidify the electrolyte.
Depassivation mechanism Another point of debate in the literature has been the actual mechanism of breakdown of the passive film. Some of the proposed mechanisms for passive film breakdown hypothesize the adsorption and ingress of chlorides through the outer layers of the oxides into the passive film. In these models, the penetrated chlorides cause the dissolution of the passive film from within and/or increase the iron oxidation rate of the metal substrate such that the passive film breaks down due to excessive generation of oxides. Among these models, the ion exchange model 21 suggests a penetration of chloride ions into the oxide film through an ion exchange process (e.g., Cl − for lattice O
2−
). On the other hand, the pore models 22, 23 are based on the fact that typical oxide layers contain flaws and are porous in nature; therefore, chlorides can pass through the pores and reach metal/film interface to disturb passivity. Our simulations do not support depassivation models that are based on the ingress of chlorides into the passive film. In fact, in all our simulations, chlorides remained either adsorbed on the surface of the passive film or in the electrolyte and caused the generation of iron vacancies within the first iron oxide layer. Figure 5 , which illustrates several time steps in a single plot, tracks the movement of the iron and oxygen vacancies as well as the iron and oxygen atoms within the passive film. The process starts with the dissolution of the iron atoms with a low electrical charge (typically less than 0.5 e) in the first (outermost) layer of the passive film into the electrolyte. The dissolved iron atoms, shown in blue, typically have a charge of 1.0 e. The vacancies that are left from the dissolved iron atoms are filled with lower charged iron atoms, shown in brown, from the second layer of the passive film. In later stages, these iron atoms are dissolved into the electrolyte as well as indicated by the brown atoms with a charge of 1.0 e in the electrolyte. The vacancies left in the second layer are filled with the lower charged iron atoms from the third layer (shown in green). These chain processes lead to the movement of iron atoms from deeper layers of the passive film into the electrolyte, while the iron vacancies move in the opposite direction, eventually, reaching the metal/film interface. The movements of iron atoms and their vacancies are accompanied by the movement of oxygen atoms toward the metal/film interface, where additional iron atoms are oxidized as more oxygen becomes available. Meanwhile, oxygen vacancies move toward the film/electrolyte interface.
These processes support the depassivation hypothesis that is described by the point-defect model, 24, 25 which states that localized detachment of the oxide film occurs when a sufficient number of iron vacancies reaches the metal/film interface. At these detached sites, iron oxidation (i.e., oxide film growth or oxygen vacancy formation) stops. Simultaneously, the film becomes thinner due to the continued dissolution of iron from the film/electrolyte interface. This process continues until the passive film breaks down, either due to complete dissolution or mechanical rupture due to induced stress.
Although our simulations do not extend to the full breakdown of the passive film due to long timescales required for such simulations, we clearly show iron vacancy formation and diffusion, and the formation of point defects at the metal/film interface. Our XPS and EIS results also confirm a decrease in the charge transfer resistance and thickness of the passive film in NaCl solution. The charge transfer resistance decreased from 3.174 × 10 6 ohm.cm 2 at full passivation to 3.220 × 10 4 ohm.cm 2 in the same solution as presented in Fig. 6a . The film thickness decreased from 5.27 nm at full passivation to 4.17 nm in 2.5 M NaCl solution as shown in Fig.  6b . Furthermore, the low-frequency impedance (e.g., at 0.01 Hz) decreases by two orders of magnitude going from full passivation (5.89 × 10 5 ohm.cm 2 ) to depassivation at the same conditions (2,896 ohm.cm 2 ) as shown in Fig. 4a . The ReaxFF-MD simulations also provide evidence for another electrochemical observation that is widely reported in the literature: the induction period. [30] [31] [32] The induction period refers to the period between the accumulation of adequate concentration of chloride ions in the electrolyte and the actual breakdown of the passive film. Several researchers have reported induction periods using electrochemical methods. [30] [31] [32] Our simulations show that the passive film remains intact during iron dissolution from the surface of the film, as well as during iron vacancy formation and diffusion. Figure 7a illustrates the changes in the Fe-O PDF of the outer, middle, and inner layers of the passive film, at 2000 ps, after 10 M NaCl exposure. The solid lines represent the initial passive state (at 0 ps), and the dashed lines indicate the state after chloride exposure for 2000 ps. The reduction of the intensity of the PDFs indicates the thinning of the passive film, as predicted by the point-defect model. We also observe clear shifts in the dominant peak locations of the inner and middle layers, which were For the inner layer, the dominant peak is shifted from 1.63 Å to 1.68 Å, and a slight transition point was observed at about 2.14 Å. This is an indication that the FeO structure transforms to Fe 3+ oxides over time. The PDF pattern of the outer layer after chloride exposure was very similar to the passive state, indicating that oxide structure remained in the form of Fe 2 O 3 . Overall, the chlorides increase the Fe 3+ /Fe 2+ ratio of the passive film, and this increase is more evident in the inner and middle layers of the film. Our XPS results also confirm this conclusion; Fig. 7b shows how the Fe 3+ /Fe 2+ ratio increases significantly after 2.5 M chloride addition to the electrolyte. This concentration has been shown to be higher than the critical chloride threshold by our electrochemical tests, but the Fe 3+ /Fe 2+ ratio does not change significantly between a passive state (no chloride) and 1 M chloride addition (which is below the critical chloride threshold).
In order to provide supporting evidence for the depassivation mechanism suggested by the atomistic simulations, we used the XPS data to study the presence of chlorine in the passive film. Since the point-defect model is based on the process that chlorides do not penetrate into the film, the absence of chlorine in the film would provide additional supporting evidence for this depassivation mechanism. However, ex situ studies are known to be challenging to investigate ionic ingress into films. [14] [15] [16] As described in the Methods section, XPS samples were exposed to NaCl solution before they were dried and prepared for the XPS scans. During the drying process, microscale NaCl crystals precipitated on the sample surface. We did not clean these precipitates using harsh procedures so that the oxide film of interest would not be affected. XPS is a highly surface-sensitive method that might indicate the presence of NaCl precipitations as subsurface chlorine. One approach to eliminate this artifact would be to sputter the surface to determine if there is a sharp drop in the chlorine concentration, but sputtering might affect the oxide. Modeling approaches to estimate film thickness and expected drop in signal with depth, based on inelastic mean free paths of the electrons are also challenging due to the complexity of the system, namely, roughness and lack of film homogeneity.
With this caveat, we tried to interpret the chlorine profile in the passive film as shown in Fig. 7b . The absence of chloride signature throughout the passive film when it is exposed to 1 M NaCl solution indicates that, at the levels below the critical chloride threshold, Fe(OH) 2 Cl does not form and chlorides do not penetrate into the passive film. In addition, we also observed that at these low concentrations, NaCl crystals did not form extensively on the metal surface upon drying. Therefore, the absence of chlorine in the passive film is a piece of strong supporting evidence that chloride did not penetrate into the passive film. For the samples that were exposed to 2.5 M NaCl solution, we observed the formation of NaCl crystals on the sample surface. As shown in Fig. 7b , for these samples, the chlorine profile showed signs of subsurface presence; however, we attributed this to the presence of Fe(OH) 2 Cl on the first layer of the passive film, as indicated by our simulations, and the presence of Fig. 6 a Solution resistance (R s ) and charge transfer resistance of the film (R ct ) with increasing chloride concentration. b Oxide film thickness at full passivation (2 weeks exposure), at 1 M NaCl (below critical chloride threshold), and at 2.5 M NaCl (above critical chloride threshold) Fig. 5 Changes in charge distribution of the iron and oxygen atoms as a result of iron dissolution, indicating iron vacancy formation. The solid dots are the atoms, and the circles represent the corresponding vacancies. The figure covers different time steps during simulations. In the first layer, the iron atoms with the lowest charge are dissolved into the electrolyte (blue), some of the iron vacancies formed in the first layer are filled by low-charge iron atoms from the second layer (burgundy). The vacancies in the second layer are filled by iron with a low charge from the third layer (green) leading to net diffusion of iron vacancies into the oxide layer while the oxygen vacancies diffuse toward the surface the NaCl crystals on the sample surface. We interpreted these results as preliminary evidence that chlorides did not penetrate into the passive film, but can exist in the first layer of the passive film as suggested in the first two stages of the iron dissolution process. A piece of conclusive experimental evidence is still needed to confirm our interpretation. This experimental evidence can come from in situ ambient pressure XPS techniques, which are not currently mature enough to carry out these experiments in solution without the need to dry the samples during sample preparation.
In this paper, we used ReaxFF-MD to answer fundamental questions regarding the mechanism of chloride-induced depassivation of iron in alkaline media. The simulations were supported by electrochemical tests and XPS studies. The passive film was created using ReaxFF-MD simulations in pH 13.5 NaOH solution and contained multiple oxide layers. The outer, middle, and inner layers of the passive film had oxides structures similar to those for Fe 2 O 3 , Fe 3 O 4 , and FeO, respectively.
The breakdown of the passive film by chlorides initiates with iron dissolution from the first layer of the passive film into the electrolyte. Iron dissolution and corresponding iron vacancy formation in the first layer of the passive film take place in four stages. In the first and second stages, chlorides facilitate the consumption of hydroxide ions in the electrolyte by the iron surface to form stable Fe(OH) 3 and Fe(OH) 2 Cl surface species, respectively. These two processes cause local acidification, and eventual local depletion of OH, in the electrolyte adjacent to the film surface. The following third and fourth stages lead to the dissolution of iron into the electrolyte in the form of Fe(OH)Cl 2 and FeCl 3 , respectively. After the dissolution of the iron, the chloride ions are returned to the electrolyte where they catalyze further depassivation.
This four-stage process for the initiation of the passive film breakdown also helps explain the concept of a critical chloride threshold where a sufficient amount of chloride ions is necessary to cause the local acidification of the electrolyte and subsequent iron dissociation. When chloride concentration in the electrolyte is below a critical threshold, these processes do not proceed, and the passive film remains stable. The same reasoning also explains the well-documented electrochemical observation that critical chloride thresholds increase with higher pH. Higher pH implies a higher concentration of hydroxides close to the surface, and hence, a higher concentration of chloride ions is needed for localized acidification of the electrolyte.
Our simulations do not support depassivation models that require ingress of chlorides into the passive film. In fact, in all our simulations, chlorides remained either adsorbed on the surface of the passive film or remained in the electrolyte and catalyzed the generation of iron vacancies within the first iron oxide layer. The ReaxFF-MD simulations support the depassivation hypothesis that is described by the point-defect model, which states that when a sufficient number of iron vacancies reach the metal/film interface, they may cause localized detachment of the oxide film. At these detached sites, iron oxidation stops, and the film begins to thin due to the continued dissolution of iron from the film/electrolyte interface. Although our simulations do not extend to a full breakdown of the passive film due to the long timescales required for such simulations, we clearly show iron vacancy formation and diffusion in the passive film, as well as the formation of point defects at the metal/film interface. Our XPS and EIS results also confirm the decrease in the thickness of the passive film. Both the simulations and XPS results indicate that chlorides do not penetrate into the passive film, but can exist in the first layer of the passive film as demonstrated in the first two stages of the depassivation process.
METHODS
ReaxFF-MD simulations
ReaxFF-MD simulations were performed using the Large-scale Atomistic/ Molecular Massively Parallel Simulator (LAMMPS) framework 60 and the Extreme Science and Engineering Discovery Environment (XSEDE). 61 The ReaxFF framework was based on the interatomic potential theory developed by van Duin et al. 62 The detailed explanation of the framework is provided by van Duin et al. 33, 36, 40, 42, 58, 63, 64 The specific ReaxFF parameters for iron and other interacting species (e.g., Na, O, H, and Cl) were obtained from the works of Aryanpour et al., 34 Rahaman et al., 65 and Psofogiannakis et al., 64 who developed parameters to model ironoxyhydroxide systems, chloride-water and copper chloride-water systems, and hydration of zeolite, respectively. We validated these parameters (that are required for determining the bond order, bond energy, valence angle energy, torsional angle energy, and van der Waals energy) by comparing ReaxFF-MD simulations of the surface formation energy and water adsorption energy on the Fe(110) surface with DFT calculations. 50 All ReaxFF-MD simulations were performed at room temperature (300 K) under standard atmospheric pressure (1 atm). The initial distance between molecules and ions in the electrolyte and the dimensions of the vacuum slab were determined based on the density of the solution at 300 K and /Fe 2+ ratios and Cl/(Fe + O) ratios at different depths in the passive film after chloride exposure at different concentrations 1 atm. Nose-Hoover thermostat 66, 67 was employed to maintain the prescribed system temperature for canonical (NVT) ensemble. The Velocity-Verlet time stepping scheme 68 was used with an integration time step of 0.1 fs. The Maxwell-Boltzmann distribution 69, 70 was chosen to set the initial velocities, and an energy minimization was performed before the simulation. The center of the mass of the system was fixed during the simulation to eliminate any translational movements.
Specimen preparation for XPS scans and electrochemical tests
The electrochemical tests and XPS scans were performed on circular disks (Ø = 15 mm, thickness = 2 mm) of 99.95% pure iron. Both sides of the disks were polished with 2000-grade silicon carbide paper followed by cloth polishing with 0.3 μm and 0.05 μm alumina suspension in anhydrous isopropyl alcohol (water content: < 0.05% weight). Anhydrous isopropyl alcohol suspension was used in place of water suspension to minimize surface oxidation during the polishing process. After surface preparation, iron specimens were cleaned ultrasonically, dried, and stored in an anaerobic nitrogen chamber to minimize surface oxidation.
Three specimens were placed in three-electrode electrochemical cells containing the passivating solution for electrochemical testing. Additional six specimens were placed in a container with the passivating solution for XPS testing. A 0.316 M NaOH solution (pH = 13.5) prepared with ASTM Type II water 71 was used as the passivating solution for both XPS and electrochemical test specimens. The XPS specimens were exposed to passivating NaOH solution in an anaerobic nitrogen chamber to minimize the carbonation of the high pH solution with the atmospheric CO 2 . The pH of the solution was continually monitored and was maintained between 13.4 and 13.5 for the entire duration of the passivation period.
Three specimens that were separately tested in the electrochemical cells were exposed to the passivating solution for 2 weeks. Two XPS specimens were taken out of the solution at 2-week exposure period. The 2-week-long passivation time was chosen to guarantee full passivation under opencircuit conditions, as confirmed by the electrochemical tests. After full passivation, chloride concentration of the electrolyte in the electrochemical cells and in the container with the XPS specimens was increased incrementally using 99.99% analytical grade NaCl addition. In electrochemical tests, the chloride increments ranged from 0.01 M to 2.5 M NaCl. However, based on the electrochemical test results, the chloride increments for XPS specimens were 1 M and 2.5 M NaCl, so that they cover ranges both below, and beyond the critical chloride threshold. Two specimens were removed from the solution after 24 h of each chloride increment, for XPS tests. All XPS specimens that were removed from exposure solutions were rinsed with anhydrous isopropyl alcohol, dried in nitrogen chamber, and kept in a nitrogen-filled desiccator until analysis.
Electrochemical tests
Repeated cycles of open-circuit potential (OCP) and electrochemical impedance spectroscopy (EIS) measurements were performed on the specimens placed in the three-electrode cells during passivation period and the following period during which chlorides are incrementally added. All the electrochemical tests were performed using a Gamry 3000 Reference potentiostat and frequency response analyzer. Graphite counter electrode and a saturated calomel reference electrode (SCE) were used. For 2 weeks of exposure, in each cycle, OCP was monitored for 2 h, followed by an EIS scan. The frequency scan range for EIS measurements was 50000-0.001 Hz during the passivation period and 50000-0.01 Hz during chloride additions, 10 points per decade. The amplitude of the AC voltage was 5 mV rms.
XPS scans
All the specimens were analyzed in angle-resolved XPS within a few hours of taking them out of the solution. Specimens were mounted on the specimen holder and subsequently transferred directly to the forechamber of the XPS spectrometer and purged with dry nitrogen gas. This chamber was evacuated to ∼10 −6 Torr before the specimens were transferred to the analytical chamber for examination. The analytical chamber was an ultra-high vacuum (UHV) chamber with vacuum of 10
Torr. The specimens were analyzed using the Physical Electronics PHI 5600 ESCA system equipped with a monochromatic Al X-ray source (X-ray photon characteristic energy, hν = 1486.6 eV). The X-ray gun was operated at 300 W (15 kV, 20 mA). The work function of the spectrometer was adjusted using ultra-pure gold metal (Au 4f 7/2 = 84.0 eV).The binding energy scale linearity was set to yield a difference of 848.6 eV between the Cu 2p 3/2 and Au 4f 7/2 photoelectron lines from ultrapure and sputtercleaned Cu and Au foils. The data were collected using a spherical capacitor analyzer (SCA) equipped with a seven-element "Omni-Focus V" lens. The angle between the analyzer and the X-ray source was 90°. The neutralizing electron gun was not used for analysis since no evidence of surface charging, or charge build-up was observed.
The XPS scans consisted of a survey scan, to identify all the species present, followed by high-resolution scans of the species of interest: oxygen (O 1 s), carbon (C 1 s), iron (Fe 2p), chlorine (Cl 2p), and sodium (Na 1 s). Survey scans were performed using an energy range of 1440 eV, analyzer pass energy of 187.85 eV, the step size of 1.6 eV. High-resolution scans were performed using an analyzer pass energy of 23.5 eV with a step size of 0.1 eV. High-resolution analyses were calibrated to C 1 s (hydrocarbon) signal of 285.0 eV. The survey scans and high-resolution scans were performed at an emission angle (θ) of 5°, 25°, 45°, 65°, and 85°w ith respect to the surface normal. The higher the emission angle, the shallower the oxide film depth being analyzed, and hence all the XPS results would be presented in terms of passive oxide film depth.
XPS data analysis
The XPS data curve fitting and analysis were done using CasaXPS (V 2.3.16PR1.4) data processing software. The XPS data were semiquantitatively analyzed using the areas under curve fitted (deconvoluted) spectra, and sensitivity factors provided by CasaXPS's Scofield element library. High-resolution XPS spectra were curve fitted and deconvoluted to quantify the contribution of each chemical species (element associations) that comprise the spectra. Curve fitting required various constraints to be met simultaneously. 15, 16, 72, 73 Shirley background correction procedures and Gaussian (70%)-Lorentzian (30%) functions were used for curve fitting procedures of high-resolution spectra. All high-resolution XPS spectra envelopes were smoothed by SG Quadratic method with smoothing width parameter of 21. 73 All spectra were curve fitted to the minimum number of peaks required for an optimum fit and needed for corresponding chemical assignments using Casa-XPS data library (ver. 2.3.18). 73 The detailed procedure for the curve fitting process is provided in other references. 73, 74 Accurate determination of the atomic structure of the oxide film could not be based on the variations of the sodium, chloride, carbon, and oxygen spectra since these elements are also present in the precipitates from the NaOH and NaCl solutions on the specimen surface. Despite the best cleaning practices, complete removal of precipitates is not ensured, as the harsh cleaning procedures might damage the oxide film. Since iron is not incorporated into the precipitates, only Fe 2p XPS spectra were used in the analysis of the characteristics of oxide films.
The Fe 2p XPS spectrum is composed of a doublet structure (2 peaks). The doublet structure is due to multiplets splitting (i.e., Fe 2p 3/2 and Fe 2p 1/2 ). Based on the average of the binding energies reported for each compound in the literature, 75, 76 iron compounds of the passive film in this study can be classified into three groups as Fe metal, Fe +2 , Fe +3 . Furthermore, an additional component Fe +3 satellite was used in curve fitting analysis of Fe 2p, as suggested in other studies. 16, 75, 77, 78 Although it is possible to obtain much better curve fitting when additional peaks are used, their presence is improbable in the case of pure iron passivating in high pH NaOH solution. The accurate identification of these peaks is quite challenging due to the proximity of peak positions; therefore, only the reported peaks were used in the analysis and the iron 2p spectra were fitted to four iron components. The peak parameters of each component are presented in another reference. 16 Assuming a uniform oxide film formation on the iron substrate, the film thickness was calculated from the oxide to metal intensity ratios at an emission angle of 5°using the procedure described in Ghods et al. 
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